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Abstract
We used a suspended microchannel resonator (SMR) combined with picoliter-scale microfluidic 
control to measure buoyant mass and determine the ‘instantaneous’ growth rates of individual 
cells. The SMR measures mass with femtogram precision, allowing rapid determination of the 
growth rate in a fraction of a complete cell cycle. We found that for individual cells of Bacillus 
subtilis, Escherichia coli, Saccharomyces cerevisiae and mouse lymphoblasts, heavier cells grew 
faster than lighter cells.
Understanding how the rate of cell growth changes during the cell cycle and in response to 
growth factors and other stimuli is of fundamental interest. Over the decades, various 
approaches have been developed for describing cellular growth patterns but different studies 
have often reached irreconcilable conclusions, even for the same cell types. The debate has 
focused on whether cells grow at a constant rate (linear) or at a rate that is dependent on 
their size (exponential), although more complex growth curves have also been suggested. 
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The mean dry mass accumulation of E. coli has been reported as increasing linearly1 and 
cell length growth described as bilinear2, bilinear and trilinear3, and exponential4. The size 
of budding yeast Saccharomyces cerevisiae has been reported to increase exponentially by 
some approaches5,6, but to have a non-exponential and cell cycle dependent growth curve 
by others7. For mammalian cells, volume measurements have shown linear growth for rat 
Schwann cells8 and exponential growth with a varying rate constant for mouse lymphoblast 
cells9. Several factors may contribute to the discrepancies between different growth models: 
i) cells are minute, irregularly shaped objects, ii) proliferating cells increase their size only 
by a factor of two, so distinguishing between different cell growth models with 
mathematical rigor requires highly precise measurements, iii) a wide variety of methods 
have been used to measure growth, including approaches that average across populations as 
well as those that monitor individual cells, and iv) a cell’s size includes both volume and 
mass, which can change at different rates.
While both mass and volume are important parameters, mass is more fundamentally related 
to cell growth than is volume. Volume can change disproportionately to mass, thereby 
altering a cell’s density. In cells without rigid cell walls, volume can rapidly change in 
response to osmotic stresses, while even in cells with cell walls, the size of low-density 
intracellular vacuoles can change to alter the density of cells10. Fundamentally, cell growth 
is the creation of new biomass, the polymerization of small molecules into the lipids, 
proteins and RNA that make up the membrane, cytoplasm and organelles. But most research 
into cell size and growth has focused on volume, for lack of methods to measure the mass of 
individual cells.
An ideal method for measuring cell growth rates would directly and continuously monitor 
the mass and volume accumulation of single unperturbed cells with high precision. In recent 
years, optical microscopy has been the closest match to this ideal3,5,11, but volume 
determination by microscopy has lacked the precision to conclusively distinguish between 
cell growth models. Potential alternatives include using fluorescent protein reporters that are 
correlated with cell size5, or using phase microscopy to measure dry mass during cell 
growth11. Here we describe a system that can precisely monitor the growth of single cells in 
terms of buoyant mass and show that bacteria, yeast and mammalian lymphoblast cells grow 
at a rate that is proportional to their buoyant mass. Buoyant massis defined by mbuoyant = V 
(ρcell − ρfluid) where ρ is density and V is cell volume. It is dependent on the amount of 
biomassin the cell, most of which is denser than water, and so is analogous to the dry mass 
of the cell.
We developed a dynamic fluidic control system that enables the buoyant mass of cells as 
small as bacteria and as large as mammalian lymphocytes to be repeatedly measured with a 
suspended microchannel resonator (SMR). The SMR consists of a vacuum packed hollow 
microcantilever beam containing an embedded fluidic microchannel and is capable of 
weighing nanoparticles, bacterial cells, and sub-monolayers of adsorbed proteins with 
femtogram resolution (1 Hz bandwidth)12. As individual cells transit the microchannel, a 
shift in the resonant frequency of the SMR is observed that corresponds to the buoyant mass 
of the cell. We implemented a feedback algorithm that reverses the direction of fluid flow 
upon detecting a cell transiting through the SMR, thereby reintroducing the cell into the 
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cantilever (Figs. 1a,b). Continuously alternating flow direction creates a dynamic trap that 
allows for consecutive buoyant mass measurements of the same cell. Since the cell fully 
exits the SMR prior to flow reversal, the baseline resonant frequency is acquired after each 
measurement, allowing compensation for drift arising from temperature variations or 
accretion on the walls of the microchannel. Dilute cultures of non-adherent cells in any 
desired growth medium can be loaded directly into the system.
The dynamic trap is very stable when measuring polystyrene particles that are less than half 
the size of the channel height (3–15μm). We trapped such particles for more than 20 hours 
(>32,000 measurements) (Supplementary Fig. 1). Sample concentration was the main 
limiting factor of the trapping duration. Low concentrations (≤ 107 ml−1) decrease the 
probability of additional particles randomly drifting into the cantilever and becoming 
trapped along with the particle being measured. The maximal trapping duration for cells was 
typically shorter than for polystyrene particles and was dependent on the cell type. On 
average, E. coli and B. subtilis could be trapped for 500 sec and 300 sec, respectively, before 
being lost. Yeast and L1210 mouse lymphoblast cells could be trapped in excess of 30 
minutes in a similar system as bacteria but with larger SMR channels. When living cells 
were trapped, growth was observed from the increasing amplitude of the resonant frequency 
peaks (Fig. 1c). Trapped cells are in an open system, as the suspended microchannel is in 
constant contact with the larger inlet and outlet channels (Fig. 1a), which act as reservoirs of 
nutrients. Diffusion and convection prevent local depletion of nutrients by the growing cell. 
Variability in the peak amplitudes (Fig. 1c) limits the precision of this method and is mainly 
due to the trapped cell taking different flow paths as it turns the corners at the cantilever tip. 
Different flow paths, as well as increased interaction with the microchannel walls, may also 
explain why cells with irregular shapes (e.g. oblong E. coli and B. subtilis) escape the 
dynamic trap much more frequently than do polystyrene particles and round cells.
Following conversion of resonant frequency shifts, growth could be observed as steadily 
increasing buoyant mass, as in a series of trapped B. subtilis cells (Fig. 1d). Occasionally, 
the magnitude of the frequency shifts would instantaneously drop by a factor of two, 
suggesting that the trapped cell had divided into two daughter cells, one of which had 
escaped the trap (Supplementary Fig. 2). Adding the poison sodium azide to a culture of S. 
cerevisiae continuously being loaded to the device resulted in a greatly diminished rate of 
increase in buoyant mass, demonstrating that these increases are indeed due to cell 
growth(Supplementary Fig. 3).
In order to determine whether growth rate depends on size, we employed a method where 
the ‘instantaneous’ growth rate was measured by trapping a cell for a period much shorter 
than the cell’s own life cycle. For each trapping event, a growth rate is determined and 
associated with the cell’s buoyant mass at the start of the trapping event. By plotting the 
growth rate versus buoyant mass, we can piece together temporally localized growth rates of 
several individual cells to determine the size dependency of growth, provided that the 
measurement errors are below the natural variability. Such a plot does not necessarily 
depend on knowing the position of each cell in the cell division cycle, although such 
information could be valuable and may be obtainable in future devices. We sampled cells 
from exponential phase cultures of B. subtilis, E. coli, S. cerevisiae, and L1210 mouse 
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lymphoblasts. Growth rates for each cell were determined by performing linear fits to the 
buoyant mass data from each trapping event. We plotted growth rates against initial buoyant 
mass for B. subtilis (Fig. 2a), E. coli (Fig. 2b), E. coli grown at low temperature 
(Supplementary Fig. 4), S. cerevisiae (Fig. 2c), and L1210 mouse lymphoblasts (Fig. 2d). A 
clear trend is observable in all four cell types: heavier cells grow faster than lighter ones. 
The relationship between cell size and growth rate appeared to be linear and for B. subtilis 
the linear fit extrapolated close to the origin, which is suggestive of a simple exponential 
growth pattern (Supplementary Table 1).
The buoyant mass ranges displayed in Figure 2 clearly span over twice the lowest values, 
particularly in the B. subtilis data (Fig. 2a). Buoyant masses that are more than twice the 
smallest size in the population could potentially represent multiple cells simultaneously 
entering the SMR. The larger SMR used to trap the L1210 cells allows for optical 
microscope access, providing confirmation that the cells are singlets. Both the devices used 
for yeast and bacteria are opaque, but the channel cross-section of the SMR used for yeast 
greatly reduces the likelihood of trapping clustered cells. However, for the bacteria, 
clustering is possible and some of the larger mass values are almost certainly doublets. Note 
that while our exponential phase cultures of yeast and mammalian cells were almost entirely 
composed of single cells when observed under a microscope, both bacteria cultures 
contained ~20% of non-segregated cells or small clusters (Online Methods). To isolate the 
single cell events for bacteria, one could consider only those events which have a buoyant 
mass that is less than twice the minimum buoyant mass, however the presence of clustered 
cells can give additional information of the growth pattern of the cells: a discontinuity of the 
growth rate at about twice the value of the lowest buoyant masses would be inconsistent 
with exponential growth of single bacteria (Supplementary Fig. 5 and Supplementary Table 
2).
Although the data for all cell types are inconsistent with simple linear growth, measurement 
errors and cell-to-cell variation could potentially mask growth rate changes that would 
identify multiple stages of linear growth during the cell cycle. In order to evaluate the 
experimental error of the growth rate determination we performed similar trapping 
experiments with fixed cells (Online Methods). As the growth rate of fixed cells is zero, the 
deviation from this value provides a measure of the experimental error. The cell-to-cell 
variability in growth rates is generally greater than the error of the method (Online Methods 
and Supplementary Fig. 6 for error analysis). That is, the deviations of cells from the fitted 
curves in Figure 2 are often not due to experimental error, but instead reflect the biological 
variation in an isogenic population. Cells–even those of the same buoyant mass, but not 
necessarily at the same cell cycle position–can exhibit different instantaneous growth rates. 
Previous cell cycle models typically assume that all cells of a given size grow at the same 
rate5,13 and a lack of precision in prior methodologies may have prevented growth rate 
variability from being observed until now. The cells grew well in our microfluidic devices 
(Supplementary Table 3), suggesting that our system does not alter normal cellular growth, 
and as we currently have no information on cell cycle position, it is possible that the 
measured variations reflect cell cycle-dependent changes in growth rate5,7,9. A second 
possibility is that cell growth is variable in a manner that is independent of cell size and cell 
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cycle position. The source of this variability is unknown, but many transcripts and proteins 
are subject to stochastic fluctuations in bacteria, yeast and mammalian cells14, conceivably 
influencing growth rate consistency. As previously observed3,4,15,16, we have found single 
cell growth to be smooth and continuous and do not believe the observed variability occurs 
within a cell’s lifespan (see text below and Fig. 3). Further investigations will be required to 
uncover the true nature of this variability.
We were occasionally able to trap B. subtilis for long enough to allow a full cell cycle (Fig. 
3 and Supplementary Fig. 7). Optical access was not available to verify the presence of 
single cells; however, for all three long-duration traps, the initial buoyant mass value was in 
the lower end of the distribution of buoyant masses for the B. subtilis population 
(Supplementary Fig. 8). Therefore, it is likely that only a single cell was present for most of 
the duration of each long trapping event. When fitting curves to the three long trapping 
events, a simple exponential fit was a better match than linear or bilinear fits, as verified by 
four different statistical tests. Results from these long-duration traps support the conclusions 
of the shorter trapping events with B. subtilis (Fig. 2a, Online Methods and Supplementary 
Table 4 for details of curve fitting). Importantly, analysis of the three long trapping events 
and the ensemble of shorter “instantaneous” trapping events yielded a consistent cellular 
doubling time for B. subtilis, further validating the method and findings previously 
described. For all the cell types measured in Figure 2, the single cell growth rates were 
consistent with the population doubling time of exponential phase cultures(Supplementary 
Table 3).
A model was implemented to describe our experiment and to compare simulated results for 
linearly and exponentially growing bacterial cells with experimental data, taking into 
consideration the fact that our system may measure clustered cells. For B. subtilis, we found 
that the trend and the dispersion of the experimental data are well matched by an exponential 
growth model. For E. coli, we were not able to identify the best growth model due to the 
high variability of the growth rate values (Supplementary Fig. 7, Online Methods and 
Supplementary Table 5 for model details).
Our finding that growth rate is size dependent suggests that these bacteria, yeast and 
mammalian cell types must actively balance their growth and division. If growth and 
division rates were not coordinated in cells with size-dependent growth, cell size variation in 
the population would continually increase17, which is not the case. While molecular 
mechanisms coordinating growth and division have been described in yeast and bacteria18, 
such mechanisms have not yet been characterized in mammalian cells.
We envision that our dynamic trapping method for measuring cell growth rate can contribute 
to the study of many cellular processes (e.g. growth, the cell cycle, autophagy, apoptosis, 
cell differentiation) as well as cellular models of disease states. Future versions of this 
system will provide even more experimental power. It will be possible to simultaneously 
measure the buoyant mass, volume and density of a trapped growing cell by periodically 
modulating the solution density within the SMR. In addition, optical access to the trapped 
cell will allow dynamic cellular and molecular information to be garnered from fluorescent 
reporters and then correlated in real-time with cell growth.
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Figure 1. 
Dynamic trapping of single cells. (a) Illustration of the suspended microchannel resonator 
(SMR) trapping a single cell. Embedded channel cross-sections for bacteria, yeast and 
mammalian L1210 mouse lymphoblasts are 3 × 8 microns, 8 × 8 microns, and 15 × 20 
microns, respectively. The silicon walls are opaque except in the 15 × 20 microns device, 
which has thinner walls. (b) Schematic of fluidics: sample is injected in parallel through the 
left and right inlets (IL and IR) and collected at the left and right outlets (OL and OR). 
While trapping, IL, IR and OL are kept at the same constant pressure; variable pressure at 
OR applied by a computer controlled regulator determines the direction of fluid flow in the 
device. (c) Raw data showing 400 measurements of one B. subtilis cell’s buoyant mass. The 
frequency shift increase with time indicates cellular growth. inset Detail of a few peaks that 
show a locally stable baseline forms after each pass through the SMR, allowing for drift 
compensation. (d) Several B. subtilis cells were sequentially trapped. Each point represents 
the amplitude of the frequency shift, converted to buoyant mass, as the cell transits through 
the cantilever. Each set of points (e.g. from 0 to 12 minutes) is one single cell or non-
segregated cells. Heavier cells have higher growth rates.
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Figure 2. 
Growth rate versus initial buoyant mass. Each data point represents a trapped cell and is 
plotted on the diagram according to the cell’s initial buoyant mass and the measured growth 
rate during the trapping period. Filled circles indicate normal growing cells and open circles 
indicate fixed cells. (a) B. subtilis (Marburg strain) from 9 cultures grown at 37 °C. (b) E. 
coli K12 from 11 cultures grown at 37 °C. (c) S. cerevisiae from one culture grown at 30 °C. 
(d) L1210 mouse lymphoblasts from two cultures grown at 37 °C. Curve fits are weighted 
linear regressions. The growth rate errors bars for the growing cells are ± one standard 
deviation of the growth rate measurements of the fixed cells, except in the cases when the 
least squares fitting parameter standard error is greater (due to particularly short trapping 
times). See Online Methods and Supplementary Table 1 for details on culture growth 
conditions, statistical analysis and experimental errors. Supplementary Figure 6 shows a 
small, but non-zero, probability of over- or under-determining the growth rate. In light of 
this, the three L1210 cells that exhibited surprisingly high growth rates (circled in red) were 
not included in the linear regression.
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Figure 3. 
B. subtilis cell trapped for a period similar to the cell cycle duration. Data is fitted to linear 
(red; reduced χ2 = 0.00257) and exponential (blue; reduced χ2 = 0.00187) functions. See the 
Supplementary Note and Supplementary Table 4 for details of the statistical analysis, 
additional models and model comparison.
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